Abstract-Characteristics of plasmas formed by repetitively-pulsed electrical discharges in sodium chloride and barium chloride saline solutions are reported. Spectroscopic observations in conjunction with an analysis of the voltage and current behavior of the discharge lead to a model in which the liquid is vaporized and ionized to form a plasma containing excited water fragments H* and OH* as well as ions and neutrals from the salt. For typical conditions under which plasma is formed, the plasma density is estimated to be of order 10 12 cm 3 and the electron temperature about 4 eV.
I. INTRODUCTION

S
URGICAL instruments using plasma-enhancing processes are now being used in a variety of surgical procedures for arthroscopy [1] , [2] , otorhinolaryngology (treatment of the head and neck, including the ears, nose, and throat) [3] - [5] , and spine and cosmetic [6] - [11] surgery. These plasma-enhanced processes, utilizing electrical discharge techniques employing energetic species attack (ablation) on biological tissue as a tool for medical surgery have also been reported by Woloszko and Gilbride [12] , following earlier work in which radio frequency (RF) current is passed through localized regions of the body without an associated discharge taking place [13] . The use of traditional electrosurgery, i.e., RF current applied to a small area for cutting, coagulation, or desiccation of tissue, has long been credited to Cushing and Bovie [14] for their work done in 1928. Doyen [15] treated skin blemishes with a spark-gap generator in 1909. Higher energy discharges used in surgery include thermal (arc) plasmas and direct heating of tissue.
Recently, we reported some results on the spectroscopic characteristics of repetitive plasma discharges formed in saline solutions when a planar probe is driven by a high-frequency square wave voltage waveform [16] . Our initial investigations confirmed that luminous plasma discharges are formed under strong driving conditions, and these plasmas contain ions and neutral molecular and atomic radicals. In particular, plasma discharges in sodium chloride saline solutions radiate optical emissions, in the visible, from excited sodium atoms as well as electronically excited atomic hydrogen and hydroxyl (OH) radicals. In barium chloride saline solutions, electronically excited barium ions as well as atoms are observed, in addition to the hydrogen and hydroxyl radicals. We believe that the excited species are formed by electron impact processes through electrons that are emitted from the electrode when it is driven negatively with respect to the return current electrode The plasmas appear to cover the driven electrode with a surrounding vapor layer which periodically forms bubbles that shed from the electrode. The bubbles buoyantly rise to the surface of the solution.
In addition to the work on surgical applications, there have been several related research articles published in recent years on methods and processes for plasma formation in liquids, for which the primary motivation was the need for effective, lowcost, and environmentally benign technologies for water purification. A number of workers have reported on a range of experimental approaches and the general effectiveness of electrical discharges in liquids in terms of their sterilization, disinfectant, and bactericidal properties has been well established [17] - [21] . High-energy electrical breakdown phenomena in electrolyte solutions have been reported [22] , [23] , including some features similar to those observed by us, but the powers dissipated were significantly higher than in our investigation. This paper elaborates on our initial report and discusses the electrical properties of plasma surgical devices. In addition, we also present a physical model of the discharge that we developed to better understand various aspects of plasma-enhanced surgery.
II. ELECTRICAL POWER SOURCE AND PLASMA PROBE DESIGN
A. Electrical Power Source
The electrical power driving the probe is derived from a pulse generator that develops independent 100-kHz square wave voltage pulses on a multitude of output lines, each of which may be connected to various configurations of surgical tools for different applications. The power supply used in these investigations is made commercially by ArthroCare Corporation. This supply, Model RF 2000, produces up to 23 independent voltage pulses that are transmitted to the probe in a shielded multiwire cable. The return current from all of the output wires is collected by a coaxial return line forming the support for the plasma probe and connected to the power supply at a common potential point. can deliver up to 300 V-rms into a load impedance and the power supply provides a maximum total power from all lines of 300 W-rms. The output connections may be combined for a given probe geometry in various parallel configurations determined by the electrode configuration.
Power supply voltage settings are controlled by a push-button control circuit with discrete levels selected by the user, ranging from 65 V-rms to 300 V-rms. Voltage is applied to the probe when a foot pedal is activated by the user.
B. Plasma Probe Configurations
Various plasma probe configurations have been developed; we have studied several in the present series of investigations. The data presented here are primarily derived from studies of an 18-element surgical probe (ArthroCare 3.5-mm diameter, 90 oriented). This probe consists of 18 independent electrodes made out of titanium, each 0.38 mm in diameter and 0.38 mm in height, organized in two concentric circular arrangements of 12 and six units. The electrodes are kept in place by an alumina ceramic spacer 3.4 mm in diameter. The spacer is connected to the probe shaft at a 90 angle via a stainless steel cap that acts as a common return electrode. Numerous alternative probe geometries and electrical configurations have been developed, such as the planar probe for which we reported results previously [16] , but the configuration presented here shows plasma behavior that is typical of many situations. Fig. 1 shows a photograph of one multielectrode device consistingof18smallelectrodes,each ofwhichisconnectedtoaseparate output circuit in the power supply. When immersed in a saline solution, and sufficiently large voltage is applied to the electrodes, a luminous plasma discharge is formed, as shown in Fig. 2 .
III. EXPERIMENTAL OBSERVATIONS
A. Voltage and Current Characteristics
We have measured the voltage and current waveforms of probes driven at various levels to determine the dynamic aspects of the plasma discharge. The voltage is measured by a high-impedance resistive voltage divider at one of the output lines from the power source. Each line is driven by an isolated output circuit, so the voltage waveforms for all individual output lines are essentially identical. The current waveforms are measured using a clamp-on current probe (Tektronix Model TCP202) at either of two points, depending on which current characteristic is desired. For single electrode current measurements, the clamp-on probe samples a single output current line. For total probe current measurements, the clamp-on probe samples the current return line at the power source common potential point. In Fig. 3 , we show the current and voltage waveforms for one electrode in a multielectrode probe driven at low voltage. In this case, the current and voltage waveforms substantially replicate each other, which indicates that there is simple ohmic conduction through the saline solution. The current is carried by the positive and negative ions from the dissolved salts in the solution. As the voltage is increased, the waveforms continue to replicate each other until the dissipated power in the vicinity of the active electrode becomes sufficiently large to vaporize the fluid, at which point the impedance increases and the current and voltage waveforms become more distorted. Following vapor layer formation, luminous plasma discharges are observed. Depending on probe configuration, both vapor layer and plasma typically form at voltages ranging from 150 to 225 V-rms and higher. The waveform distortion is indicative of reactive (capacitive) effects associated with the formation of a vapor bubble over part of the electrode as well as temporal effects of the ionization in the bubble. Fig. 4 shows the current and voltage waveforms under driving conditions sufficient to produce plasma. Although the waveforms are still rather similar in shape and mostly in phase, there are high-frequency components superimposed on the square wave.
Under strong driving conditions, plasma is formed by breakdown of the vapor layer. The evidence for breakdown is characterized by an increase in current during those pulses where plasma is produced, as well as intense light emission from excited species resulting from electron impact, discussed in the following sections. Just above threshold, plasma formation is intermittent, occurring about every other cycle, on average. Well beyond threshold, at the highest voltage settings, plasma is formed on nearly every cycle on certain electrodes. Some electrodes in multielectrode probes appear to be more amenable to plasma formation (see Fig. 2 ), which probably reflects variations in local electric fields and geometric differences.
B. Impedance and Dissipated Power Characteristics
We determine the impedance characteristics of an electrode at various voltage levels by plotting versus , both of which are sampled periodically with a digital oscilloscope. From these data, we determine the average total impedance modulus during the phase when both current and voltage have stabilized (transients during times when either voltage or current are varying rapidly are ascribed to capacitive effects and ignored). In Table I , we tabulate various parameters for a multielectrode probe at various voltages, in addition to the power dissipated computed by multiplying the instantaneous voltage and current and averaging over a complete cycle. In Fig. 5 , we show the impedance versus voltage for a 0.9% NaCl saline solution (isotonic saline). At low voltage, the impedance is rather low and has a slight positive slope. The increasing impedance as the voltage increases is rather significant. The conductivity of most saline solutions, including those studied here, increases with temperature. The observed increasing impedance suggests that the solution conductivity is decreasing, which could be due to a local reduction in ionic concentration in the solution near the electrodes due to extraction of hydrated ionic components Na (H O) and Cl (H O) to the electrode surfaces at high voltages. The extracted ions form a double layer on the electrode. The reduced local ion concentration near the electrode would explain the positive slope of the impedance curve at low voltage. Table I and Fig. 5 both show clearly that a transition in the single-electrode impedance occurs when the output voltage exceeds about 175 V. Before the transition, relatively large power is dissipated in the saline solution, between the active electrode and the current return electrode, increasing linearly with power setting. The specific power density (in watts per cubic centimeter of saline, or watts per square centimeter of electrode area) remains relatively low in this mode. Above an output voltage of 175 V, luminous plasma discharges are observed, and the total power dissipated is reduced, which is a consequence of the increased impedance of the vapor layer formed over the surface of the probe. Although the power dissipated is reduced at higher voltages, the specific power density dissipated in the thin plasma vapor layer must be higher to account for the observed optical emission. That is, most of the discharge power is dissipated in a much smaller volume when the vapor layer and plasma are formed compared to the low-voltage ohmic conduction mode.
Above this threshold voltage, which is characteristic of a given probe configuration as well as saline concentration, the impedance rapidly increases, accompanied by the formation of a vapor layer as well as plasma breakdowns that cause a luminous discharge to be seen. At higher voltages, the voltage and current waveforms are more complex, reflecting the combined nonlinear nature of the plasma impedance as well as the saline impedance. During portions of the waveforms when both current and voltage are reasonably constant, the impedance is largely reflective of local equilibrium conditions, where the ohmic dissipation by the discharge is balanced by heat conduction and other loss processes. Since the average slope of the impedance versus voltage increases when strong driving voltages are used, this indicates that the high impedance of a vapor layer is not completely compensated by the high conductivity of the gaseous ions produced by electron-impact processes.
In multielectrode probe configurations, each electrode operates more or less independently of the others. The plasma discharges from separate electrodes do not fire on all cycles but fire with a duty cycle that increases with voltage. To a large extent, electrode position in the probe also determines how intense the discharges are. At low voltages, well below the breakdown threshold, the total dissipated power is well correlated with the power from each electrode multiplied by the number of electrodes. At higher voltages, the variability of vapor layer dynamics and intermittent firing of individual electrodes causes the total dissipated power to fluctuate by a factor of approximately three. This behavior is illustrated in Fig. 6 , which shows the maximum and minimum power dissipated by a probe operating in isotonic saline at each voltage setting. At the highest voltage available, some electrodes fire on nearly every cycle, but the total power is reduced from the power dissipated at intermediate voltages.
In many surgical procedures, the electrodes are placed in close proximity to, or physically touching, tissue or other materials, and the area is flooded with saline solution. This positioning of the electrodes forces current to flow differently than in bulk saline solution. It also physically decreases the electrode gap, and increases the electric field near the active electrodes, thus facilitating plasma formation. Visible emissions are observed at lower voltages under such conditions.
C. Optical Emission
In our earlier report [16] , we showed that the dominant spectral lines emitted occurred during the negative portion of the voltage waveform. The electron emission during this part of the cycle excites and ionizes vapor species to produce the conducting plasma as well as excited radical species. In Fig. 7 , we show a spectrum from plasma generated in NaCl saline solution which shows that the principal emissions that lie in the visible, within the range of our spectrometer, are due to sodium D lines as well as excited OH and H radicals. In Table II , we tabulate the principal visible-line-emitting species in the plasma formed from NaCl saline solution, and some of their spectroscopic attributes.
We point out that the ion emission lines expected from an NaCl plasma lie in the UV and outside the spectral range accessible to us in this work, in addition to being inherently weak. In Fig. 8 , we show a spectrum from plasmas generated in a BaCl solution, which although not used in surgical procedures, illustrates convincingly that ions as well as excited neutral radicals are produced in these kinds of discharges. The barium ion lines are typically much stronger than the sodium ion lines, so discharges in BaCl solutions are particularly useful for studying ionization processes. Since the ionization potential of sodium is 5.139 eV and the ionization potential of barium is 5.21 eV, ionization in either NaCl or BaCl saline solutions would be dominated by the sodium or barium, respectively.
Under certain conditions, titanium emission lines are observed, indicative of some minor degree of electrode erosion.
Using optical interference filters and a compact photomultiplier tube (response time 0.65 ns, sensitive to wavelengths between 200-700 nm) we have measured the emission from each of the dominant species as a function of time. Figs. 9-11 show the optical emission from excited sodium (Na), hydroxyl radicals (OH), and hydrogen atoms (H), respectively, at just above the plasma breakdown threshold voltage of about 200 V. The emissions exhibit complex temporal behavior that appears to be connected with their different excitation properties as well as possibly their different spatial locations in the vapor layer. Although we only used a single optical detector for these measurements, and therefore, did not simultaneously compare the temporal behaviors of the light from specific plasma discharges, the typical temporal emissions exhibit different behavior. We be- lieve this is due to disparities in the excitation energy thresholds for the vapor species.
The emissions from atomic sodium above the breakdown threshold are more temporally spiked and usually, but not always, appear as the active electrode transitions to a negatively biased state and emits electrons. Occasionally the emission occurs at the transition when the active electrode becomes positive. The pronounced temporal spike behavior could be due to excited sodium atoms that are produced rapidly at the vapor-electrode or vapor-liquid interfaces during voltage reversals and which are field ionized and desorbed into the gas phase within the vapor layer.
The emissions from both excited hydroxyl radicals and hydrogen atoms also occasionally exhibit spiked temporal behavior but not to the same extent as the sodium lines. Moreover, the emissions from OH and H tend to peak later during the time when the active electrode is negative. We believe that this behavior is connected with the simultaneous vaporization and dissociative excitation of water molecules requiring both significant integrated power (from the discharge voltage and Fig. 12 . Diagram of the simplified geometry for discharge model. current) to first desorb condensed water and then subsequently to produce electron impact dissociation and excitation of the desorbed water molecules at the high negative electrode voltages.
Occasionally, we observe significant optical emissions without corresponding large current-pulses from an individual electrode when studying multielectrode probes. Since the current measurements shown in Figs. 9-11 were made on one electrode (out of as many as 18), this observation just reflects the fact that light originates from other electrodes that are excited simultaneously with the specific electrode that was instrumented for current and voltage measurements.
IV. PHYSICAL MODEL OF THE DISCHARGE
A. Electron Density
Some of the plasma parameters can be determined using a model based on a simple circuit analysis and comparison with experimental data. We reduce the problem to a geometry having one-dimensional current flow between two parallel-plate electrodes, each of area and separation , and between which is a conductive saline solution. A diagram of the simplified geometry is shown in Fig. 12 . A thin vapor layer (bubble) of thickness covers one electrode over a fraction of its surface area, leaving the remaining area to carry current through the saline solution. The vapor layer is ionized following breakdown of the gas within it. The conductivity of the saline solution is denoted and the conductivity of the plasma bubble is denoted . In this case, a series-parallel combination of resistive elements results in a net resistance of (1) where is the resistance between electrodes due to the saline solution only when no bubble is present. Under weak driving conditions with no plasma bubble formation, and (1) reduces to . Under strong driving conditions where one of the electrodes is entirely covered by a vapor layer, . In that case (2) The conductivity of 0.9% saline is 0.6 S/m (5.4 10 s in CGS units) under standard laboratory conditions. It is possible to determine the conductivity of the plasma bubble, and its thickness, using arguments outlined in the following. In terms of more fundamental plasma quantities, since the plasma is driven at low frequencies compared to both electron plasma and electron collision frequencies, the dc conductivity (in CGS units) is used (3) where is the square of the electron plasma frequency, is the electron collision frequency, is the electron density, and is the electron mass. From Table I and Fig. 5 , the ratio of impedances with and without plasma is approximately 10-30, from which we deduce that . Since the discharge voltage in the plasma mode is approximately 200 V or more, and the ionization potential of sodium is just 5.139 eV, there is ample discharge voltage to ionize sodium atoms, as well as dissociate water molecules. The electron collision frequency is estimated to be approximately 4 10 s , based on simple cold plasma kinetics using s torr and torr under our laboratory conditions. We use cm as a typical electrode spacing. The thickness of the vapor layer may be estimated from the observed breakdown voltages and subsequent plasma formation, as well as photographic examination. In the vicinity of the active electrode, the formation of a vapor layer causes the voltage gradient to increase dramatically from the distributed voltage gradient in the saline under prevapor layer and prebreakdown conditions. Since plasma is observed at voltages of approximately 200-300 V and the breakdown electric field of water vapor at atmospheric pressure is 38 kV/cm [24] , we estimate the vapor layer thickness to be about 50-100 m. Vapor layers of this thickness are also observed photographically.
The plasma density in the vapor layer is determined using impedance ratio from Table I , along with (2) and (3). For strong driving conditions, we deduce that the electron density in the plasma vapor layer is -cm , depending on variations of conductivity ratios and geometrical factors, or say, cm . This electron density is quite small in comparison with the ion density in the isotonic saline (0.9% by weight) solution, which is approximately 9.3 10 ions cm . The mobilities of the current carrying species-as well as the electric fields-in each region (vapor layer versus saline solution), however, are also vastly different and these contribute to the overall continuity of current between these regions.
B. Electron Energy
The electron energies in the discharge may be estimated using known swarm mobility and diffusion data. The reduced electric field where is the number density of the molecules through which the electrons are moving, is the primary determinant of the mean electron energy in collision-dominated discharges. Gallagher et al. [25] have reviewed numerous experimental and theoretical reports on electron swarms in electronegative gases; data pertinent to electron swarms in H O at large ratios were reported by Crompton et al. [26] and at low ratios by Wilson et al. [27] . We reproduce these data in Fig. 13 ; there is relatively good continuity and agreement of both data sets. For electron swarms in gases under the influence of electric fields, the ratio of diffusivity to mobility provides a good measure of the mean electron energy [28] , which we ascribe to be close to the electron temperature since the electron collision frequency is sufficiently large to rapidly thermalize the electrons.
The major gaseous constituent of the vapor layer in our experiments is presumably H O, which originates from the (predominantly water) saline solution. The hydrostatic pressure of the saline is negligible compared to atmospheric pressure, and since strong acoustic pulses are not observed, the pressure is approximately 760 torr. Although the gas temperature is not known precisely, we believe that it is approximately 300 K due to the large thermal mass of the surrounding liquid, the small vapor layer thickness, and the relatively high heat capacity of water vapor. Thus, the vapor density is estimated by ideal gas law considerations to be cm . Following the formation of a vapor layer, but prior to ionization, the electric field across this layer is greatly enhanced, since most of the potential drop occurs across this layer compared to the potential drop through the relatively high conductivity saline. For 200-V pulses and 100 m-thick vapor layers, the electric field is approximately 2 10 V/cm. The corresponding reduced electric field is V cm 100 10 V m . From Fig. 13 , we deduce the mean electron energy to be about 4.0 0.5 eV. Since the slope of the curve at high ratios is small, the mean electron energy is relatively insensitive to large variations in , and hence insensitive to discharge voltage well above the threshold. Vapor layers thinner than 100 m would have larger ratios, but would develop comparable mean electron energies. In any event, electron energies of about 4 eV are consistent with the observed excited state emissions from both sodium and excited water products, given their threshold energies (Table II) .
The energetic electrons cause many reactions, including ionization of the sodium atoms in the vapor as well as dissociation of water molecules and nearby organic molecules, if present. Since the ionization potential of sodium is 5.139 eV, and eV, whatever sodium is in the vapor layer is highly ionized, whereas the water molecules are partially dissociated and electronically excited. In a surgical environment, where the plasma probe is placed near tissue, we believe that the chemical radicals as well as the ionized species in the vapor layer react with nearby organic molecules (proteins or collagen, for example) to produce volatile gaseous or liquid products that are subsequently removed by suction or irrigation.
V. CONCLUSION
Plasma-enhanced surgical tools and procedures are gaining acceptance in many surgical situations. Our measurements on one commercially available system show that an ionized gas in a vapor layer formed in aqueous saline solutions can be produced by repetitive voltage pulses exceeding about 200-V peak amplitude. The excited species are sodium atoms and ions as well as hydroxyl and hydrogen radicals. The active neutral species-in addition to the plasma ions and energetic electrons-can react with and decompose many organic molecules. These localized plasmas, produced near electrodes, are quite energetic and, when positioned near biological tissue, cause numerous reactions that are useful in many surgical applications. These include tissue debulking, cutting, cauterization, etc.
The plasma properties of the discharge have been modeled and it has been shown that dense microplasmas capable of causing chemical and physical reactions at nearby tissues are produced. The impedance characteristics of the discharge, as well as visual observations, indicate that gaseous vapor layers strongly influence the nature of the discharge. The electron density is about 10 cm , and the electron temperature is about 4 eV. Additional research on the nature of the interactions of these plasmas with biological tissue is underway, as is ongoing development of surgical procedures.
